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Fig. 1 NADPH oxidase enzyme complex in neutrophils. Upon 
cellular activation, an active enzyme complex of proteins is formed, 
censi sii ng off the membrane-associateci cytochrome b558 and the 
cytosolic componente p4() phox , p47 phox , p67 phox . The enzymatic 
activity of this protein complex — and only as a complex — is able to 
generate large amounts of superoxide 
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FIG. 47-3. The myeloperoxidase-HpOj-halide antimicrobial 
system in the phagosome. 



. Formazione di acido ipocloroso. 

H 2 0 * Cl~+ H + J£2_> HOC! ♦ H O 

Reazioni dell'acido ipocloroso con composti con- 
tenenti aminogruppi con formazione di ci orami ne. 
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HOC 1 + CH-NH, \ H + H o 0 + CH - NH-C1 

I 3 ' 2 | 
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3. Decomposizione spontanea delle cloramine con for- 
mazione di NH^, CO., cloro e aldeidi. 
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Fig. 17. - Meccanismo citotossico del sistema MPO-H 2 0 2 -cloro 2 . 
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Figure 15.5. Potential MPO-based reactions in the phagosome. Concurrent activation of 
the NADPH oxidase and release of azurophilic granules into the phagosome delivers reac- 
tive oxygen species and granule products, respectively, in dose proximity of the ingested 
microbe. Among the many interactions that occur among oxidants and granule proteins to 
produce an environment inhospitable to microbes are those dependent directly or indi- 
rectly on MPO. MPO and H 2 0 2 combine to form Compound I that in turns supports the two- 
electron oxidation of CI" to Cl + and thereby generate HOCI, or bleach. MPO and H 2 0 2 also 
directly oxidize tyrosine to generate tyrosyl radicals, a substrate for production of tyrosine 
peroxide as well as tyrosyl cross-linking of free tyrosines or tyrosyl residues in proteins. 
HOCI is a very potent oxidant and directly attacks amino acids, especially methionine and 
cysteine, as well as amide sidechains on peptides and proteins, and other biological sub- 
strates. HOCI also supports generation of other reactive species, including hydroxyl radicai 
(OH*), singlet oxygen ( 1 0 2 ), and chloramines. The latter products include those that are rela- 
tively long lived and exert significant antimicrobial activity. Some chloramines decay and 
release aldehydes, some of which are antimicrobial in their own right. Many of these various 
derivatives of MPO-dependent HOCI generation mediate antimicrobial activity (indicated 
by the red starburst). 
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Reactive oxygen species. Superoxide is generateci from various sources, which include the NADPH oxidase (NOX) enzymes (such as the phagocyte 
NOX, Phox). Two molecules of superoxide can react to generate hydrogen peroxide (H 2 0 2 ) in a reaction known as dismutation, which is 
accelerated by the enzyme superoxide dismutase (SOD). In the presence of iron, superoxide and H 2 0 2 react to generate hydroxyl radicals. 
In addition to superoxide, H 2 0 2 and hydroxyl radicals, other reactive oxygen species (ROS) occur in biological systems. In inflamed areas, 
these include hypochlorous acid (HOCI), formed in neutrophils from H 2 0 2 and chloride by the phagocyte enzyme myeloperoxidase (MPO); 
singlet oxygen, which might be formed from oxygen in areas of inflammation through the action of Phox and MPO-catalysed oxidation of 
halide ions 64 ; and ozone, which can be generated from singlet oxygen by antibody molecules 65 ' 66 . The last reaction is likely to be important 
in inflamed areas in which antibodies bound to microorganisms are exposed to ROS produced by phagocytes. The colour coding indicates 
the reactivity of individuai molecules (green, relatively unreactive; yellow, limited reactivity; orange, moderate reactivity; red, high 
reactivity and non-specificity). 



Evidence for Ant ibody-Catalyzed 
Ozone Formation in Bacterial 



Killing and Inf lammation 

Paul Wentworth Jr., 1 Jonathan E. McDunn, 1 
Anita D. Wentworth, 1 Cindy Takeuchi, 2 Jorge Nieva, 3 
Teresa Jones, 1 Cristina Bautista, 1 Julie M. Ruedi, 3 
Abel Cutierrez, 3 Kim D. Janda, 1 Bernard M. Babior, 3 
Albert Eschenmoser 1,4 Richard A. Lerner 1 

Recently, we showed thdt ariti bodies catalyze the generation of hydrogen 
peroxide (H 2 0 2 ) from singlet molecular oxygen ( } O z 4 ) and water Here, we 
show that this process can lead to efficient killing of bacteria. regardless of the 
antigen specificity of the antibody H 2 O z production by antibodies alone was 
found to be not suff icient for bacterial killing Our studies suggested that the 
antibody-catalyzed water-oxidation pathway produced an additional molecular 
species with a chemical signature similar to that of ozone This species is also 
generated during the oxidative burst of activated human neutrophils and during 
inflammation. These observations suggest that alternative pathway s may exist 
for biological killing of bacteria that are mediated by potent oxidants previously 
unknown to biology 

ROI production by the neutrophiL (A) The resting neutrophil has sev- 
eral classes of specialized lysosomal granules containing myeloperoxi- 
dase (MPO) together with about a dozen types of antimicrobial 
potypeptides (AMP).The membrane of the granules bears two chains of 
the phagocyte oxidase (phox) complex, phox9l and phoK22. The cy- 
tosol contains three more components: phox47, phox67, and phox40; a 
sixth component, the GTPase Rac, lies at the plasma membrane. (B) 
When the neutrophil is activated — forexample, upon encounter with a 
microbial pathogen — its granules fuse with the celi membrane, dis- 
charging MPO and AMP into the forming phagosome or extracellular 
space. The six components of phox unite at the plasma membrane and 
transfer electrons from reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) in the cytosol to 0 2 in the extracytosolic space, 
forming superoxide ( O2"). 'CV dismutates to hydrogen peroxide 
(H£>2). which interacts with 'CVto form hydroKyl radicai ( OH) MPO 
catahgga the H->Q->-denendent ovirLitinn of ambjgnt h.ilides tfl hvno- 



halites. (C) Wentworth et al. (3) propose additional reactions catalyzed 
by antibodjy (Y-shap e). Antibodjy is either free in the extracellular fluid, 
or attached nonspecifìcally to the neutrophil. or attached specifically 
to the microbial pathogen. Phox produces singlet oxygen ( 1 02 f ). per- 
haps indirectly by way of MPO. Antibody catalyzes the conversion of 
1 0 2 f to H 2 02and the reactive species ozone (0 3 ). H2O2 + 0 3 can react 
to produce the OH radicai. (Not ali reactants and products are shown. 
and stoichiometry is not indicated.) 
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FIGURE 3-13 Generation of antimicrobial reactive oxygen and 
reactive nitrogen species. Within the confines of neutrophils and 
macrophages, several enzymes transform molecular oxygen into highty 
reactive oxygen species (ROS) that have antimiaobial actrvity. One of 



the produets of this pathway, superoxide anion, can interact with a 
reactive nitrogen species (RNS) to produce peroxynitrite, another RNS. 
NO can also undergo oxidation to generate the RNS nitrogen dioxide. 




Il perossinitrito è l'anione con formula ONOO . È un isomero di valenza instabile del 

nitrato, NO ~ che ha la stessa formula bruta ma una differente struttura. Nonostante 

l'acido perossi nitroso sia altamente reattivo, la sua base coniugata, il perossinitrito è 

stabile in soluzione basica.^ Esso si forma dalla reazione tra il perossido di idrogeno 
con il nitrito: 

H 2 0 2 + N0 2 " -+ ONOO" + H 2 0 

Il perossinitrito è un agente ossidante e nitrante . A causa delle sue proprietà ossidanti, il perossinitrito può 
danneggiare molte molecole all'interno della cellula, compreso il DNA e le proteine. La formazione del 

perossinitrito in vivo è stata ascritta alla reazione del radicale libero superossido con l'ossido nitrico^: 
0 2 " + NO -+ ON0 2 " 

In laboratorio, una soluzione di perossinitrito può essere preparata trattando perossido di idrogeno acidificato 
con una soluzione di nitrito di sodio, seguita dall'immediata addizione di NaOH. La sua concentrazione è 

indicata dall'assorbanza a 302 nm (pH 12, A = 1670 M" 1 cm" 1 ). [31 
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FIG. 47-2. Scavengers of reactive oxygen species. 
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Microbicidal mechanisms of phagocytes 




Table II. Disorders of neutrophil function. 



Disease 


Inheritance 
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t a n tt 
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Auiosonidi recessive 


SLC35C1 mutation 


Granulocytes unable to bind to selectins 








on endothelium. Coneenital 

o 








disorder of fucosylation 


T AH TTT 


Au toso mal recessive 


RASGRP2 mutation 


Neutrophilia, severe bleeding tendency 






FERMT3 mutation 


and defective integrin activation 


WHIM 


Autosomal dominant or 


CXCR4 mutation 


Warts, hypogammaglobulinaemia, 




autosomal recessive 




infections and myelokathexis 


WAS 


X-linked 


WAS mutation 


Dysfunctional actin polymerization and 








defects of adhesion, migration and phagocytosis 


Rac2 deficiency 


Autosomal dominant 


RAC2 mutation 


Abnormal chemotaxis, defective respiratory 








burst, impaired degranulation and neutrophillia 


Defects of the respiratory burst 






CGD 


X-linked autosomal recessive 


CYBB mutation 


Neutrophils unable to produce supero xide 






NCFl y NCF2 y NCF4 








and CYBA mutations 




LibFJj aenciency 


X-linked 


uòfu mutation 


Meutropnus unaDie to produce superoxiae 


MPO deficiency 


Multigenic? 


MPO and other 


Impaired respiratory burst from defective 






genetic mutations? 


hypochlorous acid production 


Defects of TLR signalling 








IRAK-4 deficiency 


Autosomal recessive 


IRAK4 mutation 


Increased susceptibility to invasive 








bacterial disease, defective L-selectin shedding, 








migration and respiratory burst 


MyD88 deficiency 


Autosomal recessive 


MYD88 mutation 


Increased susceptibility to invasive bacterial disea 


NEMO deficiency 


X-linked 


IKBKG mutation 


Increased susceptibility to invasive bacterial disea 



and impaired respiratory burst 



CGD, chronic granulomatous disease; CXCR4, CXC-containing chemokine receptor-4; CYBA, cytochrome b-245 alpha polypeptide; CYBB> cyt 
chrome b-245 beta polypeptide; FERMT3> fermitin family homolog 3; G6PD/G6PD, glucose-6-phosphate dehydrogenase; IRAK-4/IRAK4, inte 
leukin-1 receptor- associ ated kinase 4; IKBKG, inhibitor of nuclear factor kappa-B kinase subunit gamma; ITGB2> integrin beta-2; LAD, leucoc> 
adhesion deficiency; MPO/MPO, myeloperoxidase; MyD&8/MYD88, myeloid differentiation primary response gene 88; NCF, neutrophil cytoso 
factor; NEMO, nuclear factor kB modulator; RASGRP2 y RAS guanyl releasing protein-2; SLC35C1> solute carrier family 35 member CI; WAS/WA 
Wiskott-Aldrich syndrome; WHIM, warts, hypogammaglobulinaemia, infections and myelokathexis. 
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Fig 2. Schematic overview of normal neutrophil function and its 
defects. In response to inflammatory signals, e.g. caused by batteria, 
neutrophils leave the blood stream and enter tissue via the multistep 
paradigm of rolling, tethering, adhesion and diapedesis. Inside the 
tissue neutrophils chemotax towards the source of inflammation and 
phagocytose and kill the bacteria using respiratory burst machinery 
and forma tion of neutrophil extracellular traps (NETs). One or more 
of these cellular processes can be disrupted by an inherited neutrophil 
defect. The genetic diseases associated with impairment of each fune- 
tional stage are indicated in bold font. Abbreviations as in the main 
text. 
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LA MALATTIA GRANULOMATOSA CRONICA 



IMMUNODEFICIENZA PRIMITIVA 
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A new genette subgroup of chronic granulomatous disease with 
autosomal recessive mutations in p40 phox and selective defeets in 
neutrophil NADPH oxidase activity. 



Matute JD, Arias AA, Wright NA, Wrobel I, Waterhouse CC, Li XJ, Marchal CC, Stull ND, Lewis DB, Steele M, Kellner JD, Yu W, Meroueh 
SO, Nauseef WM, Dinauer MC. 

Wells Center for Pediatrie Research, Department of Pediatrics, Indiana University School of Medicine, Indianapolis, Indiana 46202, USA. 

Chronic granulomatous disease (CGD), an immunodeficiency with recurrent pyogenic infections and granulomatous inflammation, results 
from loss of phagocyte superoxide production by recessive mutations in any 1 of 4 genes encoding subunits of the phagocyte NADPH 
oxidase. These include gp91(phox) and p22(phox), which form the membrane-integrated flavocytochrome b, and cytosolic subunits 
p47(phox) and p67(phox). Afifth subunit p40(phox), plavs an important role in phagocvtosis-induced superoxide production via a phox 
homology (PX) domain that binds to phosphatidylinositol 3-phosphate (Ptdlns(3)P). We report the first case of autosomal recessive 
mutations in NCF4, the gene encoding p40(phox), in a boy who presented with granulomatous colitis. His neutrophils showed a substantial 
defect in intracellular superoxide production during phagocytosis, whereas extracellular release of superoxide elicited by phorbol ester or 
formyl-methionyl-leucyl-phenylalanine (fMLF) was unaffected. Genetic analysis of NCF4 showed compound heterozygosity for a frameshift 
mutatìon with premature stop codon and a mìssense mutation predìctìng a R105Q substìtutìon in the PX domain. Parents and a sibling 
were healthy heterozygous carriers. p40(phox)R105Q lacked binding to Ptdlns(3)P and failed to reconstitute phagocytosis-induced 
oxidase activity in p40(phox)-deficient granulocytes, with premature loss of p40(phox)R105Q from phagosomes. Thus, p40(phox) binding 
to Ptdlns(3)P is essential for phagocytosis-induced oxidant production in human neutrophils and its absence can be associated with 
disease. 




Fig. 2 X91~ CGD mutations i n 
the potctinaRunctufSRn^^™ 

flinctional model of NOX2. 
Glycosylated asparagines are 
located in the external loops of 
NOX2 and numbered by their 
residue numbers. The four 
heme-binding histidines located 
in the third and fifth transmem- 
brane domains are shown by 
single-letter code as H. The 
potential FAD- and NADPH- 
binding domains are illustrated 
by fidi boxes. Mutations causing 
X91" CGD fonns of CGD are 
equally distributed over the en- 
tire sequence of NOX2. Muta- 
tion nos. 1 4 (in the promoter of 
the CYBB gene), no. 10 (skip- 
ping of exon 5) and no. 23 
(skipping of exon 10) in Table 2 
are not represcnted 
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membrane-spanning domai ns (numbered with Greek numbers) lcad to 
A22° CGD. The only misscnse mutation causing an A22 4 " CGD form 
is locatcd in the cytosolic COOH terminus tail of p22phcx in a 
polyproline-rich domain involvcd in the binding of [Alphox protein. 
B The majority of misscnse mutations lcading to A67° CGD are 
locatcd in the tetratricopeptide rcpeat domains of pòlphox, which are 
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involvcd in Rac2 binding during NADPH oxidasc activation. An 
cxceptional mutation is the Lys58 deletion in onc allelc of the NCF2 
gene causing a single A67~ CGD case charactcrizcd by a defect in 
Rac2 binding during NADPH oxidasc activation. Two misscnse 
mutations are locatcd in the PBl domain involvcd in the p4Qpkox 
interaction at the resting and activated statcs of NADPH oxidasc. 
Howcver, the A67 CGD subtypes causcd by these two point mutations 
werc not documented 
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Table 1. Infections in CGD 


Site 


Most Common rathogens 


1 iincrc /rìnpiimoniìl 
i_ui ikf o yyji iKzsJi i i\jt ilei j 
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B. cepacia, S. aureus, Nocardia speci es 


Lymph nodes (suppurative adenitis) 


S. aureus 


Skin (subcutaneous abscesses; 


S. aureus 


infected cysts) 




Lrver (abscesses) 


S. aureus 


Bone (osteomyelitis) 


S. morcescens 


Blood (sepsis) 


Salmonella species, S. aureus, B. cepacia 



CGD indicatres chronic granulomatous disease. 
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LETTERS 

Detective tryptophan catabolism underlies 
inflammation in mouse chronic granulomatous disease 

Luigina Romani 1 , Francesca Fallarino 1 , Antonella De Luca 1 , Claudia Montagnoli 1 , Carmen D'Angelo 1 , 
Teresa Zelante 1 , Carmine Vacca 1 , Francesco Bistoni 1 , Maria C. Fioretti 1 , Ursula Grohmann 1 , Brahm H. Segai 2 
& Paolo Puccetti 1 



In chronic granulomatous disease (CGD), 
phagocytes lack NADPH oxidase activity 
and are unable to generate superoxide, 
making sufferers susceptible to 
recurrent microbial infections. The 
precise mechanism involved — and the 
reasons for exaggerated inflammation in 
CGD — are unclear. Experiments in 
qeneticallv enqineered CGD mice 
infected with Asperqillus fumiqatus. a 
frequent infection in CGD patients, 
supports the theorv that superoxide- 
dependent conversion of tryptophan to 
kvnurenine is defective in CGD , 
compromising antimicrobial resistance, 
inflammation, and T-cell homeostasis. 
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Fig. 2 Mechanisms implicateci in the ROS-dependent rcsolution of 
inflammation in chronic granulomatous disease. NOX2-derived ROS 
might exert their anti-inflammatory activity on the level of neutro- 
phils, macrophages and dendritic cells, or on the level of lymphocytes. 
NOX2-derived ROS might enhance neutrophil apoptosis and limit 
neutroDhil recruitment. A role of NOX2 in decradation of ohaoocv- 



tosed material (microbial material, apoptotic cells) is likely. NOX2- 
dependent kynurenine generation dampens T lymphocyte activation. 
NOX2 might also bc expressed at low levels in T lymphocyte and 
regulate celi surface redox state and cytokine release. Thus, a 
multitude of mechanisms involved in the resolution of inflammation 
are lackine in NOX2-deficient cells 




Table L CGD: main treatment modalities. 



Modali tv 


Indication 


Du radon 


Drug 


Paediatric dosage 


Antibiotic prophylaxis 


Bacterial infections 


Lifelong 


Trimethoprim- 


6 + 30 mg/kg/d 




Fungal infections 


Lifelong 


s u lfame tho xazo le 










Itraconazole 


5 mg/kg/ d* 


Empirie antibiotie 


Grani* infections 


Until pathogen ident. 


Teicoplanin 


10 mg/kg/d 


treatment 


Grani - infections 


Until pathogen ident. 


Ciprofloxacin 


15 mg/kg/d 




Fungal infections 


Until pathogen ident. 


Voriconazole 


14 mg/kg/d 


Interferoni y prophylaxis 


Recurrent infections 


Lifelong 


y-Interferon 


3 x 50 ug/m 2 /week (s.c.) 


White celi transfiisions 


Severe refractory infections 


Until recovery or antibody 


G-CSF stimulated 


10 ug/kg (s.c.) 12 h 






fonnation 


le u co cyte s 


before leukapheresis 


A nt i i nfl a m mato ry 


Obstructing granuloma 


7-10 d -» taper 


Prednisolone 


0-5-1 mg/kg/d 


treatment 










Stem celi transplantation 


Recurrent serious 


LAF-i solanoli c.2 months, 


HLA identical marrow 


>2 x 10 6 /kg CD34 + cells 




man if estation s 


isolation at home 


transplant 






(see Table III) 


c.6-9 months 







*Oral solution. 

ident., identification; LAF, laminar air flow; G-CSF, granulocyte colony-stiniulating factor, HLA, human leucocyte antigen; CGD, chronic granu- 
lomatous disease; s.c, subcutaneously. 




è lOO/^g/mL 
Con A 



A 30 mM FMLP 



# Resting 



Table 1. Effect of rlNF-y on H 2 0 2 production by PMN challcnged with 

different stimuli 



H 2 0 2 (nM)/30 min/ IO 6 cells* 



Time of incubation (hr) 



4 



Control 50 U/ml rIFN-y- 
Stimulants cells treated cells 



None 


0-4 + 0-2 


0-8 + 0-4 




(6) 


(6) 


10 nM FMLP (*) 


21+0-5 


4-3 + 2-3 




(6) 


(6) 


50 /ig/ml Con A 


20 + 0-6 


3-7+1-3 




(4) 


(4) 


5 ng/ml PMA 


2-5 + 0-3 


3-5 + 0-7 




(3) 


(3) 


20 /il immune 


2-7 + 0-2 


3-6 + 0-4 


complexes 


(2) 


(2) 



Prevention of infections by IFN-y in CGD 




i 
i 



Without IFN-y 



With IFN-y 
prophylaxis 



Total Moderate and severe 

infections Moderate and severe events 
infections 



*statistical difference (t test, p < 0.02) 



AZIONI DEI DERIVATI TOSSICI DELL'OSSIGENO SULLO SVILUPPO E SUGLI 

EFFETTI DEL PROCESSO INFIAMMATORIO 



1. DIFENSIVA 

- Attività battericida 

- Attività tumoricida 



2. PROINFIAMMATORIA 



- Aumento della permeabilità vascolare 

- Aumento della adesione dei leucociti allo endotelio 

- Produzione di fattori chemiotattici 

- Attivazione della secrezione di istamina 

- Attivazione formazione di derivati dell'acido arachidonico 

- Attivazione della secrezione e della aggregazione 

piastrinica 

- Attivazione e sintesi della produzione di citochine 




AZIONI DEI DERIVATI TOSSICI DELL'OSSIGENO SULLO 
SVILUPPO E SUGLI EFFETTI DEL PROCESSO INFIAMMATORIO 



3. MODULATORIA 

- Inattivazione di enzimi secreti (collagenasi, elastasi, etc.) 

- Inattivazione dell'inibitore dell' a-1 proteinasi 

- Inattivazione di peptidi chemiotattici 

- Inattivazione di leucotrieni 

- Trasformazione di prostaglandine 

- Coinvolgimento nel catabolismo del trip tof ano 







4. TOSSICA 





- Extracellulare: depolimerizzazione del collagene 

modificazioni strutturali del collagene 
decomposizione dei proteoglicani 
denaturazione di proteine 
lipoperossidazione 

- Cellulare: danno cellulare con perdita di funzione 

mutazioni; degenerazioni; morte 
(granulociti, macrofagi, eritrociti, 
fibroblasti, endoteli, piastrine, cellule 
parenchimali) 




PATHOLOGICAL PROCESSES WHERE THE 
RESPIRATORY BURST OF PHAGOCYTES IS INVOLVED 

Acute inflammations 
Chronic inflammations 
Endotoxic shock 

Adult Respiratory Distress Syndrome 

Extracorporeal haemodialysis 
Burns, Trauma 

Ischemia-reperfusion 

Pulmonary fibrosis 

Enphysema 

Atherosclerosis 

Celi and tissue injury 

Carcinogenesis 

mutation 

activation of procarcinogens 

tumor promotion 
Somatic lethal mutations 
Transplants rejections 




Copyright ©2007 American Physiological Society 




Physiological Reviews 



Ta ble 1 . Charactenstics of NOX isoforais 



Isofoim Couplmg components 



Maj or distnbution sites Induction 



NOX1 p22phox 

NOXAl/p67phox 
NOX01p47phox 
Rac 



colon epithehiini 
VSMC 



IFN-}', flagellin. IL-1# TNF-a 
(CEC) 

Ang H PDGF. PGF^,. TP A. sennn, 
aldosterone high salt (VSMQ 

LPS (niacrophaee, gastnc mucosal 
ceU) 

IL-l/?(niastcell) 



NOX2 p22phoat phagocyte 
p67pboK 
p47phoK 
p40phoK 
Rac 

NOX3 p22phoK umer ear 

NOX4Lp67phox 
NOX01p47phox 
Rac 

NOX4 p22phox 



NOX5 



DUOX1 DUOXA1 (maturati» fectar) thyroid 



IFN-}-. LPS (phagocyte) 

TP A retinole addDMF (mveloid 
ceU) 



IL-4, IL- 13 (airway epithehal celi) 



kidney (niany hypoxia (PASMC) 

other organs) TGF-£ (cardiac fibroblast SMC, 

etc.) 

7-ketocholesterol (VSMQ 
cannabidiol (leukenna celi) 

spleen, testis, PAF (Barrett s esophageal 

lymph node adenocaranoma) 



DUOX2 DUOXA2 (maturation fàctor) th>Toid 



IFN-v (airway epithehal celi) 



FIG. 7. NOX enzymes in the vascular wall 
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FIG. 8. Role of NOX enzymes in centrai nervous system (CNS) pathologies 




Ischemie stroke 
Pressure overtoad 
Blcomycìn 




Infection 
Inflammation 




Acute: Cytotoxicity Innate Immunity 



Angli 
SHF 




Endothelial 
Dysfunction 



i 

cGMP 
i 

Vasodilation 
Anti-thrombotic 



Chronic: Angiogenesis 
Wound healirvg 



Syslemtc 
hypertension 



Anti-inflammatory 



The role of NOX1, NOX2, and NOX4 in disease models. NO, generated by NO-synthases (NOS), activates soluble guanylate cyclase (sGC) by binding to its 
reduced (Fe 2+ ) heme moiety leading to the formation of cGMP from GTP. cGMP mediates protective effeets, e.g. vasodilation and anti-inflammation. This 
signaling pathway is most likely disturbed by NOXl-derived superoxide (0 2 ") as shown in Angiotensin ll-induced hypertension and spontaneous 
hypertensive rats (SHR). Superoxide can either directly interact with NO to form peroxynitrite or oxidize the essential NOS cofactor tetrahydrobioapterin 
(BH 4 ) and thus uncouple NOS. Uncoupled NOS forms superoxide itself (not shown). Further, superoxide can oxidize the Fe 2+ heme of sGC. Thereby, sGC 
becomes insensitive to NO. These mechanisms most likely account, at least in part, for the acute effeets of increased NOX1 activity mediating endothelial 
dysfunction and the chronic effeets that are discussed to cause hypertension. NOX2-derived superoxide is a major signaling molecule in innate immunity 
mediating host defense. NOX4 is unlikely to directly interfere with the NO/cGMP-signaling pathway as it releases hydrogen peroxide (H 2 0 2 ) and not 
superoxide. However, in high concentrations, H 2 0 2 causes acute cytotoxicity. This mechanism is suggested to be involved in NOX4-mediated effeets after 
acute ischemie stroke, acute effeets of pressure overload in heart, and bleomycin-induced cytotoxicity. The lower chronic activity of NOX4 seems to be 
involved in angiogenesis and wound healing, and thus rather protective 



DERIVATI TOSSICI DELL' AZOTO (es. ossido nitrico) 



L-arginine L-citrulline 




La ossido nitrico sintasi è un enzima appartenente alla classe delle 
ossidoreduttasi, che catalizza la seguente reazione: 



L-arginina + n NADPH + nH + + m0 2 ^ citrullina + ossido nitrico + n 
NADP + 



DERIVATI TOSSICI DELL' AZOTO (es. ossido nitrico) 



Table 22.2. Isoforms of Nitric Oxide Synthase (NOS) 



Isoform 



Regulation 



Molecular 
Mass 



Tissue/Cell 



I (nNOS) 



Ca 2+ -calmodulin 



160 000 



Brain 

Skeletal muscle 



III (eNOS) 



Ca 2+ -calmodulin 



135 000 



Endothelial cells 
Platelets 

Cardiac myocytes 



Vascular smooth muscle relaxation and vasodilation 




Protective 
Effects 

► NO 























Table 22.1. Important Effects of Physiological Concentrations of Nitric Oxide 



Preserves endothelial integrity 

Dilates arterial blood vessels, participates in autoregulation of blood flow to vital organs 

Inhibits leukocyte-endothelium interaction by suppressing expression of celi adhesion molecules 

Inhibits platelet adherence and aggregation 

Prevents microvascular fluid leakage 

Maintains renai glomerular function 

Promotes endothelial regeneration following injury 

Inhibits vascular smooth muscle celi proliferation 




Fiédut^a degraiulatiori 
and medetor r^l?are 







I' 






W 



Mjìt otite 



\ 





3nd J9Cratirm 



Epuheliunì 



t / 




Neutroni ite 



Nitiic oxid# 



/ i 



FiL* oblili 





Vasodilaces 



Figure 23.4 . The role of nitric oxide in mucosal defence . NO downregulates inflammation and 
protects against mucosal damage in a number of ways. In the epithelium, NO stimulates mucus 
and bicarbonate secretion, and regulates fluid secretion. NO also regulates the activation and 
function of immunocytes; it reduces the adhesion of neutrophils to endothelial cells, reduces 
mast celi degranulation, and the release of cytokines from macrophages. Release of NO by vas- 
cular endothelial cells triggers vasodilation in a guanylate cyclase-dependent manner. NO also 
accelerates wound repair by stimulating angiogenesis, and enhancing collagen deposition by 
fibroblasts. 



DERIVATI TOSSICI DELL' AZOTO (es. ossido nitrico) 



Table 22.2. Isoforms of Nitric Oxide Synthase (NOS) 


Isoform 


Regulation 


Molecular 
Mass 


Tissue/Cell 


I (nNOS) 


Ca 2+ -calmodulin 


160 000 


Brain 

Skeletal muscle 


II (iNOS) 


inducible 
by cytokines 


130 000 


Macrophages 
Vascular smooth muscle 
Cardiac myocytes 
Glial cells 


III (eNOS) 


Ca 2+ -calmodulin 


135 000 


Endothelial cells 



Platelets 

Cardiac myocytes 



Vascular smooth muscle relaxation and vasodilation 




Activation 
stimulus 



Microbe 



(IFNy +TNFa) 



Cytotoxicity 



Figure 2-17 



Sources and effects of nitric oxide (NO) in inflammation. Note NO synthesis by endothelial cells (mostly via endothelial celi [typc Ill| NO synthase 
[eNOS], left) and by macrophages (mostly via inducible [typc ll| NO synthase |iNOS|. righti NO causo* \a\odilation and reduces platelet and leukocyle 
adhesion; NO firce radicals are also cytotoxic to microbial and mammalian cells. 



IFN-y 




Fig. 4.4 Schematic representation of the NO pathway in murine macrophag*? 
Nitric oxide synthetase (NOS) mediates the addition of 0 2 to the guanidino N 
^arginine to form NO. This is rapidly ccnvertcd to N0 2 - and N0 3 -. Precise 
which RNI is involved and by what mechanism killing takes place is not eie? 
Tetrahydrobiopterin (THB) is an essential cofactor for NOS but this is n 



present in human macrophages. The pathway is blocked by the arginine an 



ìogue A/°~monomethyI-L-arginine. The pr 



io onKionf Ir 



T\r*r\nacc> 



,^^,,1^4-' 



a — 1 

?i di v y uU 



kines but two seem to be very importane. The synthesis of NOS 
activated by interferon 7 (IFN-7) and the subsequent steps optimiseu by TNF- 
The latter may arise from the macrophage stimulated by ÌFN-7 in the fir 

piace — an autocrine effect. 



Protective 
Effects (low 
levels) 

► NO 



Deleterious 
Effects 
(high levels) 

Triggers: Inflammation, 
celi stress, tissue injury, 
hypoxia, bacterial 
products, cytokines 
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Inflammatory 
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immune regulation 
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inhibition of neutrophil 
activation 
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Synaptic plasticità 
blood pressure regulation 
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penile erection 







Non-specific immune defense Mediation ofinflammation, 
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Figure I Important functions of the different NOS isoforms. (Top panel) Neuronal NOS is expressed in specific neurons of the centrai 
nervous system (CNS). It has been implicated in synaptic plasticrty (i.e. phenomena such a long-term potentiation and long-term inhibition). 
These phenomena are involved in learning and memory formation. Neuronal NOS-derived NO also participates in centrai control of blood 
pressure. In the peripheral nervous system (PNS), neuronal NOS-derived NO acts as an atypical neurotran smitter, which mediates relaxing 
components of gut peristalsis, vasodilation, and penile erection. At least a minimal stimulation of soluble guanylyl cyclase in corpus cavernosum 
by nNOS-derived NO, and the subsequent formation of small amounts of cyclic GMP, is a prerequisite for the pro-erectile effects of the phos- 
phodiesterase 5 inhibitors sildenafil (Viagra®), vardenafil (Levitra®), and tadalafil (Cialis®). (Middle panel) Inducible NOS expression can be 
induced by cytokines and other agents in almost any celi type. This had initially been shown for macrophages (M<t>). The induction of inducible 
NOS in M<I> is essential for the control of intracellular bacteria such as Mycobacterium tubero/los/s 156,157 or the parasite Leishmania.^ 58 * 59 
However, inducible NOS is also up-regulated in various types of inflammatory disease, and the NO generated by the enzyme mediates 
various symptoms of inflammation. 160,161 Finally, inducible NOS-derived NO is the predominant mediator of vasodilation and fall in blood 
pressure seen in septic shock. 161 In fact, mice with a disrupted inducible NOS gene are protected from many symptoms of septic shock. 159 
(Bottom panel) Endothelial NOS-derived NO is a physiological vasodilator, but can also convey vasoprotection in several ways. NO released 
towards the vascular lumen is a potent inhibitor of platelet aggregation and adhesion to the vascular wall. Besides protection from thrombosis, 
this also prevents the release of platelet- de ri ved growth factors that stimulate smooth muscle proliferation and its production of matrix mol- 
ecules. Endothelial NO also controls the expression of genes involved in atherogenesis. NO decreases the expression of chemoattractant 
protein MCP-1 and of a number of surface adhesion molecules, thereby preventing leucocyte adhesion to vascular endothelium and leucocyte 
migration into the vascular walL This offers protection against early phases of atherogenesis. Also the decreased endothelial permeability, the 
reduced influx of lipoproteins into the vascular wall and the inhibition of low-density lipoprotein oxidation may contribute to the anti- 
atherogenic properties of endothelial NOS-derived NO. Finally, NO has been shown to inhibit DNA synthesis, mitogenesis, and proliferation 
of vascular smooth muscle cells as well as smooth muscle celi migration, thereby protecting against a later phase of atherogenesis. Based on the 
combination of those effects, NO produced in endothelial cells can be considered an anti-atherosclerotic principle (for review, see Li and 
Fòrstermann 162 ). 



PRINCIPALI MEDIATORI DI ORIGINE CELLULARE 
PREFORMATI E NEOFORMATI CHE VENGONO SECRETI 



ISTAMINA 
SEROTONINA 

ENZIMI IDROLITICI (es. proteasi, lipasi, glucuronidasi, ecc.) 



RADICALI 
OSSIDO NITRICO 




CHEMOCHINE 
CITOCHINE 




ACIDO AR ACHIDONICO 



VIA DELLA CICLOSSIGENASI 



PGH 




VIA DELLA LIPOSSIGENASI 



COX-1, COX-2 
(NSAID) 



5-LOX 



Aspirina 



15RHETE 15S-HETE HpETE 

5-LOX 



15-epi LX 


LXA4 




LXB 4 



HETE 



PGI 2 
PGD 2 
PGE 2 
PGF 



2(x 



TXA, 



12-LOX 



LTA4 



LTC 4 
LTD 4 
LTE 4 



LTB, 



PROSTAGLANDINE TROMBOSSANI 



LIPOSSINE 



LEUCOTRIENI 



MEDIATORI LIPIDICI 

Derivano da fosfolipidi delle membrane cellulari per azioni di fosfolipasi 




Sites of phospholipid hydrolysis by 
phospholipases. Arrows indicate the 
position of phospholipase-catalysed 
hydrolysis of a glycerol-based 
phospholipid. RI and R2 represent 
the fatty acyl chains and X 
represents the alcohol head group. 
PLA1, PLA2, PLC and PLD refer to 
phospholipase Al, A2, C and D 
respectively. The carbon atoms (1, 2 
or 3) of the glycerol backbone of the 
phospholipid are indicated in terms 
of the stereochemical numbering 
(sn). 
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Lysophospholipid 
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SPLA 2 Extracellular 



His-Asp enzymes 



Intracellular 
Ser-Asp enzymes 



PLA 2 reactìon. PLA 2 enzymes, including extracellular sPLA 2 s with a His-Asp dyad and intracellular cPLA 2 s/iPLA 2 s with 
a Ser-Asp dyad, hydrolyse the sn-2 position of phospholipids to yield fatty acids and lysophospholipids. Several 
members of the cPLA 2 and iPLA 2 families also possess PLA 1; lysophospholipase, or triglyceride lipase activity, 
whereas sPLA 2 s definitively display PLA 2 activity. 




PLA 2 . ubiquitarie, varia localizzazione subcellulare; vari tipi di PLA 2 
Attivate da: calcio intracellulare, fosforilazione, distacco molecole inibitorie 



Cable I. ( I ossifica rio n of the sPLA 2 . cPLA 2 and iPLA 2 familieft. 



Camilie* 



Gene names 


Nomenclature» 


Alternative names 


( haraetcrisoes 


Pla2f?lb 


IH 


PanCTCttlC sPLA 2 


tonvcntional \PLA 2 with group 1 propcrty 


Pla2x2a 


HA 
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Conventional sPLA - with group II propcrty 
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Conventional sPLA : with group II propcrty, abscnt in humans 
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DD 




Conventional sPLA 2 with group II propcrty 
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Conventional sPLA 2 with group II propcrty 
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Conventional sPLA 2 with both groups 1 and II propcrtics 
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The sPLA 2 family. Mammalian sPLA 2 s comprise 11 isoforms, which are subdivided into three collections, namely group l/ll/V/X 
(conventional sPLA 2 s), group III and group XII. Ali enzymes have a conserved catalytic centre with a His-Asp dyad and a Ca 2+ -binding 
loop. sPLA 2 -IB, a pancreatic sPLA 2 , is characterized by an N-terminal propeptide whose proteolytic removal gives rise to a functional 
enzyme, the presence of a Cysll-Cys77 disulphide bond (group l-specific disulphide), and a unique pancreatic loop. The group II 
subfamily (MA, IIC, IID, ME and MF) is characterized by absence of the propeptide and the presence of Cys49-Cys within the C-terminal 
extension (group ll-specific disulphide). sPLA 2 -IIC has a unique insertion with an extra disulphide bond, but this isoform is absent in 
humans (pseudogene). sPLA 2 -IIF has a longer C-terminal extension, which is Pro-rich. sPLA 2 -V is evolutionarily dose to the group II 
subfamily, but lacks the group ll-specific disulphide and the C-terminal extension. sPLA 2 -X has both groups I and II properties since it has 
an N-terminal propeptide and both groups I- and ll-specific disulphides. sPLA 2 -lll is unique in that the centrai sPLA 2 domain, which is 
more similar to bee venom PLA 2 than to group l/ll/V/X sPLA 2 s, is flanked by unique and highly cationic N- and C-terminal domains. The 
N- and C-terminal domains are removed to produce a mature, sPLA 2 domain-only form. The group XII collection contains two isoforms, 
XIIA and XIIB, whose overall structures (except for the catalytic domain and Ca 2+ -binding site) do not show any homology with other 
sPLA 2 s. The catalytic centre His is replaced by Leu in sPLA 2 -XIIB, indicating that this enzyme is catalytically inactive. Biological functions 
assigned to individuai isoforms, as assessed by knockouts (red), transgenic (blue) or both (green), are shown in the right boxes. 




Which isoforms? 

Which target membranes? 



Celi membrane 




Non-cellular 
lipid components 



Foreign lipids 



Lipid mediator pathways Lipid mediator-independent processes 



Fatty acids 
Eicosanoids 
Lysophospholipids 

Which products^J, Membrane remodeling 

▼ Surfactant degradation 

Signaling Lipoprotein modìfication 



Which mechanisms? 



i 



Microbial defense 
Food digestion 



Cancer 


Inflammation 




Tissue injury 




Atherosclerosis Obesity 


Anti-inflammation 




Alopecia 




Reproduction 




Host defense 





Which pathophysiological events? 

Schematic diagram of sPLA 2 biology. Individuai sPLA 2 enzymes act not only on cellular membranes, but also on non-cellular 
phospholipids (e.g. surfactant and lipoproteins) and foreign phospholipids (e.g. bacterial membranes and dietary phospholipids). Some 
actions of sPLA 2 s are mediated by lipid mediator-mediated signalling, while others occur independently of lipid mediators. The 
physiological functions of a particular sPLA 2 could reflect a combination of these varied actions. Thus, in order to gain an overall 
functional view of sPLA 2 , it is important to clarify (i) the sPLA 2 isoforms that act on (ii) specific target membranes, (iii) the lipid mediators 
that are produced if 'dependent' upon lipid mediators, (iv) the mechanisms that are responsible if 'independent' of lipid mediators and 
(v) the pathophysiological events in which individuai sPLA 2 s are involved. 






Lipid mediator- 
independent actions 

• bac ferini killing 

• surf octant Kydrolysis 

• lipoprotein modif ication 



Various modes of sPLA 2 action. (A) During proposed sequential sPLA 2 /cPLA 2 a cross-talk, LPC or other products released by sPLA 2 in an 
autocrine or paracrine manner may amplify the cPLA 2 a activation pathway in the same celi, leading to full propagation of eicosanoid 
synthesis. An example is the cooperation of sPLA 2 /cPLA 2 a in eosinophils in bronchial asthma. (B) sPLA 2 regulates a certain 'bottleneck' 
step of the disease in a proximal or distai tissue compartment. Accordingly, suppression of sPLA 2 at this step may eventually abrogate 
subsequent cPLA 2 a-dependent eicosanoid synthesis linked to the disease. As an example, sPLA 2 -V in antigen-presenting cells 
contributes to the sensitization phase (antigen uptake and processing), whereas cPLA 2 a, which is expressed ubiquitously, contributes to 
the bulk PG/LT synthesis by various cells in the airway during the effector phase. (C) cPLA 2 a and sPLA 2 contribute to distinct pools of 
lipid mediators, probably by acting on different cells. For instance, production of 12-HETE, but not PGs, in the epididymis depends on 
sPLA 2 -l II. (D) The actions of sPLA 2 take place independently of lipid mediators. This includes many examples, e.g. anti-bacterial defence 
by sPLA 2 -IIA through bacterial membrane degradation, anti-fungal defence by sPLA 2 -V through macrophage phagocytosis, 
atherosclerosis by sPLA 2 -IIA, -III, -V and X through generation of small-dense LDL, alveolar damage by sPLA 2 -V through surfactant 
hydrolysis, sperm maturation by sPLA 2 -lll though sperm membrane remodelling, and dietary phospholipid digestion by sPLA 2 -IB and -X 
that can be linked to distai adiposity. For details, please see text. 



PLA 2 . ubiquitarie, varia localizzazione subcellulare; vari tipi di PLA 2 
Attivate da: calcio intracellulare, fosforilazione, distacco molecole inibitorie 
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Fig. 2. CPLA2 signalling in response to 
pathological insults or ionizing radiation. Upon 
infection by virai and bacterial pathogens, 
cPLA 2 cleaves phosphatidylcholine to yield 
LPC and AA. AA is then metabolized to 
hydroperoxyeicosatetraenoic acid (HPETE) or 
prostaglandin H2 (PGH2) by the lipoxygenase 
or cyclooxygenase pathways respectively. 
Downstream of PGH 2 , thromboxane A2 
(TXA2) and additional prostaglandins are 
formed. Together, TXA2, prostaglandins and 
HPETE-derived leukotrienes actrvate the 
inflammatory response. Inflammation is also 
regulated by LPC. LPC can be converted to 
platelet-activating factor (PAF) by acetyt CoA 
and LPC acetyltransferase (LPCAT). PAF 
regulates platelet aggregation and stimulates 
inflammation. In addition to infectious agents, 
low levels of ionizing radiation (2-5 Gy) also 
activate cPLAs. The resufting LPC production 
leads to the phosphorylation of the 
pro-survival kinases (Akt and ERK1/2). 
Activation of these signalling pathways 
contributes to the increased viability and 
radioresistance of tumour vasculature. 
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